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ABSTRACT 


The sol-gel process has been very useful to produce nanomaterials using different precursors since the early days. Precursors like 
metal alkoxide or organic/inorganic hybrids are dissolved in alcohol or water and converted into gel after alcoholysis or hydrolysis. 
The low temperature and low cost of the sol-gel technique make it more convenient than other methods. In comparison to other 
method, it has good control over the homogeneity of the particles. This process is very much used in ceramics, composites, thin 
film coating, and other industrial purposes. This review is a study about the process and application of sol-gel-derived materials. 
The historical point of view of this process is also explained in this review. 
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INTRODUCTION 

Nowadays, different techniques such as the vapor phase 
compression method, plasma method, electrochemical method, 
mechanical alloying method and sol-gel method are used to 
produce and synthesis of nanomaterial particles. Among the 
above methods, sol-gel methods are mostly used for industrial 
applications [1-4]. Using this method alloys are produced very 
easily because different material nanoparticles are synthesised 
simultaneously. Mixing two or more metal nanoparticles alloy 
is made in one step. Although electrochemical and plasma 
methods can produce alloys, the sol-gel method can produce 
industrial-scale nanomaterials [5]. Production cost is cheaper 
than other conventional methods. The sol-gel method is 
capable to produce highly pure and uniform composites and 
nanomaterials. This method is capable to produce nanomaterial 
in lower temperature (700° C-3000° C) compared to other 
method which is very much advantageous [6]. This method 
is a purely chemical process through different irreversible 
processes a product is produced [7]. 


The sol-gel method is a bottom-up approach method. The 
first process is to produce a colloidal solution of precursors. 
After that, it transforms into a gel, made of discrete particles 
of polymers. Precursors are hydrolysed and poly-condensed 
to produce colloids. A schematic diagram is shown in Figure 
1[8]. Sol-gel-derived products are very much used in thin 
film technology to make film. This thin filmmaking is very 
much easier and cheaper compared to others. Sol-gel-derived 
materials are very much applied in various fields such as space, 
energy, sensors, electronics, medicines mainly drug therapy 
glass industry etc. In this review, the mechanism of sol-gel 
will be discussed and also the application of sol-gel-derived 
materials in different fields will be highlighted. 


Sol-gel: Colloidal solution is suspended small-sized particles 
in a liquid. After that, 3d complex gel network has formed 1.e, 


the gel is formed. 
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Figure 1: Schematic diagram of sol-gel process[8] 


The sol-gel process can be divided into various steps- 


Mixing: Precursors are mixed mechanically. One of the 
precursor metals alkoxide always reacts with water. Then it 
is hydrolysed and polycondensation and produces a colloidal 
solution i.e. sol. 
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Figure 2: Scheme of sol-gel technique [9] 
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Gelation formation: 

After the solution three-dimensional network has formed. 
This gelation process takes place through hydrolysis and 
polycondensations[ 10]: - 


Hydrolysis: 

Hydrolysis happens for metal alkoxide precursors. In this 
process OR: group will be replaced by OH ion of water. As the 
reaction is slow for the neutral case so bare or acid catalysts 
needed to speed up the reaction. In both cases are shown in Fig 
2. In both cases reaction is faster than the acidic case. 


M(OR), +H,O=M(OH),+4R(OH) 


Polycondensation: 

Condensation may happen during hydrolysis or after completion 
of hydrolysis.In condensation chain like bond is formed and 
produce a colloidal soln. 


M(OH),+M(OH),=2MO,+4H,O 
M(OH),+M(OR),=2MO,+4ROH 


In acidic conditions, condensation begins before hydrolysis is 
complete. After sol, it forms a network-like gel which is shown 
in Fig 3. The gelation process depends upon other factors such 
as water and metal reaction. 
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Figure 3: Scheme of gelation [11] 


Aging: In this step gel is rested for hours to days. During this 
process porosity of the gel will be decreased and increased 
thickness of the interparticle. The final product of aging is 
resistive to cracking while drying. 


Drying: 

This step is very important in this process. Excess solvent is 
evaporated in this step. During this step, capillary stresses 
can develop around pores. This stress causes the cracking of 
gel. Gels become low-density after drying. It is very thermal 
insulation when it is placed between the glass plates. 


Densification: 

After drying gel is heated in a furnace at elevated temperature. 
This heat makes the gel densified. The elevated temperature 
depends on pore dimension, pore correctivitty and its surface 
area. 
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Figure 4: SEM image of a dried gel after the sol-gel 
process: this image confirms the presence of nanometer 
porosity with a very high specific surface area[12] 


Historical point of view: 

Sol-gel technology was used in the old days[13]. But Ebelman 
first showed the formation of transparent material by slow 
hydrolysis of an ester of silica acid in 1845[14]. Faraday in 
1853 produced a solution from colloidal gold particles in a lab. 
Sol-gel is not an artificial thing it, blood is a natural example 
of sol-gel. The development of sol-gel science has increased 
rigorously as it produced nanoparticles and nanocomposites 
[15-17]. Sakka is the main pioneer in this field[18-20]. Among 
all other composite silicates are researched mostly. Lamar 
explained beautifully the formation of colloidal particles by 
proper growth from appropriate precursors. After that Majaric 
applied this information to grow homogenously sized particles 
coagulation or stabilization of sol is mainly controlled by 
electrostatic interaction [21].Derjaguin,Verway,landau and 
Overbeck gave theory about the aspects of colloids, which 
brought them Nobel prizes in Physics[22]. Flory also won 
the Nobel prize in Chemistry due to his historic theory on 
the Behaviour of polymer solution. Stockmayer and Flory 
gave the function of the gelator phenomenon about polymer 
solution undergoing growth by condensation reaction[22]. Gel 
is defined as the formation 3D continuous network depending 
upon the size of the container. However, the critical value of gel 
does not rely on the size of the container. Mandelbrot showed 
the gel complex architecture after gelation in fractal geometry. 
Diffusion limited aggregator was also proposed for dense 
colloidal particles . 


Advantages of the sol-gel technique: 

In sol-gel derived materials are highly pure materials. It is low 
cost technique compare to other technique and it is processed 
at low temperature. Alloys can be formed easily using 
different processes. The coating is easier for so-gel-derived 
sol. This method has several advantages in forming metal 
oxide nanoparticles compared to others. Highly pure powder 
can be made with homogeneous molecular mixing of the raw 
components. Some of the major advantages [23-25] are — 

¢ Creating metal oxide nanoparticles. 

¢ Low cost and highly chemical product composition. 

¢ Processing of highly pure products. 

e Making of the layer of amorphous materials. 

¢ Highly surface coverage. 
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* Geometrically shaped optical components. 

¢ This method can be used to make ceramics and as a 
transition layer between thin films of metal oxides in a 
variety of applications. 


Disadvantages Of sol-gel: It cannot be used for industrial 
purposes. It takes a longer time to make the final product and 
metal alkoxide precursors are costly [26-30]. Another drawback 
of this process is the understanding of the reaction [31]. 


Parameters of sol-gel method: 
Sol-gel method depends upon different factors as PH, solvent, 
Temperature, agitation, Time and catalysts which are discussed 


¢  PH:- Sol-gel chemistry very much depends upon the PH of 
the solution [32]. XRD pattern and SEM images of ZnO 
particles for different PH levels are shown in fig 5 and 
figure 6. respectively. 
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Figure 5: XRD pattern of ZnO particles for different PH 
[32]. 


Mag = 100.00K xX = 


Figure 6: FESEM images of ZnO powders synthesized at 
different PH values a)PH-6 b)PH-7 c)PH-8 d)PH-9 e)PH- 
10 f) PH-11[32]. 


¢ Solvent: Solvents are very important during the 
polycondensation process. First, it helps NPs to keep 
dissolved. 


¢ Agitation: During gel formation gel networks can be 
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formed domain-wise. Mixing will break the domain- 
wise networks and thereafter it will form a leigh network. 
Agitation also helps the chemical reaction in all parts of 
the solution and allowing all molecules to receive adequate 
amount of chemicals. 

¢ Time: Time takes part in very much in different gelation 
processes because the solution takes different times to form 
gels. Gelation is a slow process. Accelerating reaction for a 
short time sometimes cannot form a gel. 

¢ Temperature: The gelation is a slow process. Temperature 
accelerates the chemical kinetics of the reaction in the 
formation of gel. Sometimes gelation needs time for a 
week or month. Adequate temperature reduces the time in 
the formation gel. It also helps to bind NPs to form a gel. 

¢ Catalysts: Catalysts play a big role in chemical reactions 
to speed up. Because acidic (H+) and base are catalysts 
in this case work differently to accelerate the reaction and 
reduced time to form gel. 


Application: 

Sol-gel technique is very often used to produce metal oxide 
nanoparticles like TiO,, ZnO,, WO,, and SnO, which have 
different applications in many fields shown in fig [33].The 
special properties of composites made of TiO, and V,O, have 
led to their usage as supercapacitor electrodes [34, 35]. It is 
reported that TiO, nanoparticles can be applied for treating 
cancer[36]. 


Sol-gel method is used to create ceramics easily. Ceramics 
materials are non-metallic, low density and ductile. The 
final product will be corrosion resistive, hardness and wear 
resistance. Most ceramics are aluminium and silicon carbide. 


Sol-gel-derived films have many advantages over conventional 
cases. Ceramics are less dense than metallic alloys. Ceramics 
are brittle and lack toughness. 


Sol-gel-derived products is very much useful for producing 
thin films of TiO,, SiO,, and MgF,. This film can be applied 
on metal, crystal, glass or ceramics to change optical property. 
This coating will help reflection, refraction, conductivity and 
antireflection. Many important devices depend upon thin film 
coating such as solar panels, glass, flat tv panels, spectacle 
lenses, smartphones etc. Plastic substrates are often used for 
coating thin film. Then it becomes cost-effective and light- 
weight [37]. 
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cross-sectional view [38]. 
As the sol-gel method can produce nano-size materials which 
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has a high surface-to-volume ratio. These Q-dot films have 
unique properties from their bulk nature. So, it is used in 
memory devices, optoelectronic devices and bio-sensors. 
Porous Films: The sol-gel method can produce porous films 
which has large surface areas. So, this is very much used in 
solar cells such as TiO, thin film have large surface area. 


CONCLUSION: 

Sol-gel process is a low-cost process but it is a slow procedure. 
It is a low-temperature process in nature. Through this 
technique, we can achieve nano order particles with pure and 
better homogeneity than other process. It is very much suitable 
for thin film-making process other than the sputtering process. 
Besides film coating, it is used for shape casting and fibre 
pulling. 
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